Right atria from excised beating dog hearts were immersed in Tyrode solution with the endocardial surface of the anterior wall exposed. Glass microelectrodes were used to impale fibers in different anatomical areas of this preparation. Fibers with action potentials similar in contour to those of ventricular Purkinje fibers were found along the caval border of the crista terminalis in the area of the posterior internodal tract. The action potential of these fibers (plateau fibers) had a resting potential of -85 to -95 mv, a sharp spiked overshoot, a long plateau phase, and inherent diastolic depolarization. The maximum velocity of the action potential upstroke of plateau fibers was consistently greater than that of simultaneously recorded fibers which lacked a plateau phase (regular fibers). Epinephrine or isoproterenol produced an increase in both rate and magnitude of diastolic depolarization of plateau fibers and on occasion converted them to true pacemakers. Acetylcholine accelerated repolarization of plateau fibers with disappearance of the plateau. Increases in extracellular concentration of potassium ions from 2.7 to 10.8 mM rendered regular atrial fibers inexcitable, but plateau fibers continued to show action potentials. Plateau atrial fibers possess several characteristics exhibited by specialized conducting and impulse generating fibers. The possibility that these fibers constitute the posterior internodal tract and function in preferential conduction of excitation to the A-V node was discussed.
• While it is generally accepted that fibers of the sJnoatrial (S-A) node serve as the pacemakers in the normal mammalian heart, the manner in which excitation spreads from this node through the atria and to the atrioventricular (A-V) node is not completely settled. Lewis et al. (1) concluded from studies using surface electrodes that excitation spreads radially from the S-A node through a syncytium composed of homogeneous tissue. The concept of radial spread of the impulse was challenged by Eyster and Meek (2-5) who presented evidence for spread of excitation from the S-A node to the This investigation was supported in part by grants from the Wisconsin Heart Association and U. S. Public Health Service Grants 5-T1-HE53705-08 and 2-T1-HE5540-06.
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A-V node along a preferential pathway. Also evidence for rapid spread of the impulse from the right to the left atrium was given by Bachmann (6) who described a special bundle of tissue linking the atria ventrally. Both anatomical and electrophysiological evidence has accumulated to support the contentions of Eyster and Meek for a preferential internodal pathway. In a recent review, Robb and Petri (7) concluded that there is anatomical evidence for at least two internodal pathways. Further, James (8-10) has described three distinct tracts of fibers which histologically resemble Purkinje fibers connecting the S-A and A-V nodes. This finding confirms the early observation of Thorel (11) that the atria contain Purkinje-like fibers.
Based on characteristics of action potentials recorded from different anatomical sites, the atrium is not functionally homogeneous. A 388 HOGAN, DAVIS number of investigators have described several different configurations of action potentials (12) (13) (14) (15) (16) (17) (18) . Paes de Carvalho et al. (12) , for example, found that the rabbit atrium contains several distinct types of fibers. One fiber of particular interest, located in the S-A ring bundle, had electrical features associated with rapid conduction of impulses and latent pacemaker activity. Other investigators have shown that excitation passes more rapidly along the crista terminalis than through adjacent areas of the atrium (14, 15) . Recently Wagner and co-workers (18) studied in detail the properties of fibers in Bachmann's bundle in the canine heart and concluded that such fibers are specialized and function to convey the impulse rapidly to the left atrium.
In a previous study concerning the effects of cyclopropane and hypoxia on various cardiac tissues, Davis et al. (19) found fibers in the atrium which had an action potential resembling in contour that of ventricular Purkinje fibers. These fibers were located along the caval border of the crista terminalis which is the approximate location of the posterior internodal tract described by James (8) (9) (10) . In the present study the electrical characteristics of this type of atrial fiber are examined in more detail, and the responses of these fibers to different agents and procedures are tested and compared with those of regular atrial fibers.
Methods
Hearts were excised from dogs anesthetized with sodium pentobarbital, 30 ing/kg iv, and were placed immediately in Tyrode's solution. The right atrium with its appendage was dissected free (Fig. 1) by cutting from the inferior vena cava along the atrial side of the A-V groove to near the tip of the appendage (dashed line), across the posterior surface of the appendage (dotted line) leaving it intact and part of the preparation, and finally across the septal branch of the crista terminalis one centimeter caudal to the superior auriculocaval angle and back to the left side of the superior vena cava. A second incision was made along the right border of the atrium from the superior vena cava to the inferior vena cava. The resulting preparation included portions of the superior and inferior venae cavae, the caval tissue between the two, the crista terminalis extending between the caval ostia and part of the septal branch of the crista terminalis, and the right auricular free wall with the posterior epicardial surface at the tip of the appendage still intact. This preparation with the endocardial surface exposed was pinned under slight tension to a paraffin block in a tissue bath. Tyrode's solution equilibrated in a reservoir with 95% oxygen and 5% carbon dioxide flowed continuously through the bath at a rate of 25 ml/min. The composition of the solution in HIM was: NaCl 137, dextrose 5.5, KC1 2.7, CaCL, 2.7, MgCl, 0.5, NaHL,PO 4 1.8, NaHCO 3 25~.O. Temperature in the tissue bath was maintained at 35 to 37°C but remained constant during any experiment. The solution was collected anaerobically from the tissue bath, and its pH measured with an Instrumentation Laboratories Model 113 gas analyzer was 7.3 to 7.4.
Trans membrane action potentials of single fibers were recorded through glass microelectrodes pulled from capillary tubing and filled with 3M KC1. An indifferent electrode filled with 3M KC1 made contact with the fluid in the bath. Both electrodes were connected by chlorided silver spirals to the input of a Bioelectrics Type DS2C or NF-1 cathode follower-amplifier which in turn was connected to the differential amplifier of a Tektronix Type 502 oscilloscope. Calibration was made by injecting 100-mv rectangular pulses between the indifferent electrode and the amplifier. 
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Two identical assemblies made it possible to record simultaneously from two cells in the same preparation.
The maximum velocity of the action potential upstroke was determined by two methods. One involved the use of an electronic differentiator. The differentiator was calibrated by introducing sawtooth pulses of known amplitude and duration through the microeiectrode-cathode follower stage. The cathode follower provided for neutralization of input capacitance, and the connection of the micro electrode to the cathode follower was short and made with unshielded wire. Under these conditions the output of the differentiator was linear with rates of potential change from 50 to 600 v/sec. The second method involved the graphic display of the action potential upstroke recorded at a rapid oscilloscope sweep speed from which the velocity of the upstroke could be determined.
Rhythmic contractions were maintained by applying supra thresh old, square-wave pulses of 5-msec duration at desired frequency (95/min) to the muscle. For some purposes the tissue was allowed to beat spontaneously. Single atrial fibers were impaled by advancing the microelectrode into the tissue until characteristic action potentials appeared on the oscilloscope. Only cells on the surface of the preparation were studied. The transmembrane resting and action potentials were monitored continuously on the 502 oscilloscope. Representative potentials could be displayed on a Tektronix 565 oscilloscope and photographed with a Grass kymograph camera.
Several features of the atrial preparation ( Fig.  1 ) are pertinent to the following discussion. Caval and auricular tissue are separated endocardially by a thickened ridge of muscle, the crista terminalis. Our preparation always included a short segment of the septal branch of the crista terminalis and most of the descending branch of this structure located in the free wall of the atrium between the caval ostia. Under low magnification (10X) the endocardial surface along the caval border of the crista terminalis often showed whitish or yellowish streaks. This area is outlined by the dashed line on the left drawing of Figure 1 . Fibers in this area were studied in the experiments described below. In some hearts a free running strand of tissue connected this area of the crista terminalis with the upper pectinate muscles. Such strands of tissue had the gross appearance of the false tendons found in the ventricle. In other hearts this strand was visible but embedded in the muscle. Portions of the pectinate muscles and the thin atrial roof musculature between them as well as part of the posterior epicardial surface of the appendage were included in the preparation. Figure 2 shows the anatomi- September 1968 cal features of the preparation used in these experiments.
Initially in most experiments fibers in several anatomically distinct areas of the preparation were impaled. It was possible to recognize several types of fibers by the contours of their action potentials. Figure 3 shows action potentials commonly recorded from fibers in different areas of the atrium, but we have not made a detailed study of the frequency of occurrence nor distribution of any specific type of fiber. The records on the left of Figure 3 are of atrial appendage (epicardial) (A), atrial roof (B), and pectinate muscle fibers (C). All these fibers lack a prominent plateau during repolarization and never showed diastolic depolarization. These transmembrane action potentials are typical of fibers composing the contractile tissue of the mammalian atrium (20) , and their recording was used as a standard of comparison for the fiber type specifically studied in this report. For convenience they will be referred to as regular atrial fibers.
On the right of Figure 3 are typical action potential records from the septal branch of the crista terminalis (D), from in or at the base of the free running strand (E), and from along the caval border of the crista terminalis (F). The action potentials of the types of fibers shown in E and F are remarkably similar to those of Purkinje fibers of the ventricular conducting system. Anatomically their location is in that site described Figure 1 .
Photograph of atrial preparation showing all features indicated in
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Action as the posterior internodal tract which is composed of fibers that histologically resemble ventricular Purkinje fibers (8) (9) (10) . These are the fibers which are the subject of this study, and they will be referred to as atrial plateau fibers. The responses of atrial plateau fibers to epinephrine, isoproterenol, acetylcholine, or increased extracellular potassium concentration were studied. Solutions of epinephrine hydrochloride (Adrenalin; Parke-Davis) or isoproterenol (Isuprel; Winthrop) were prepared by diluting 1 ing with water to a volume of 25 ml. This solution was administered either by rapidly injecting 0.20 ml directly at the inflow of the tissue bath or by injecting a small quantity through a capillary tube with the tip positioned close to the area impaled by the microelectrode. Acetylcholine was administered by adding a quantity to the reservoir of Tyrode's solution to give a concentration of 0.5 jxglml. Tyrode's solution with increased extracellular potassium concentration was prepared by adding potassium chloride to stock Tyrode's Cimdatum Research. Vol. XXII1, September 1968 solution to increase the potassium concentration from 2.7 to 10.8 MIVR.
Results
ELECTRICAL CHARACTERISTICS OF ATRIAL PLATEAU FIBERS
The records of Figure 4 show action potentials from a single plateau fiber recorded at two oscilloscope sweep speeds. Atrial plateau fibers have a resting potential of 85 to 95 mv, a rapid upstroke velocity, a sharp spike and overshoot, a more or less prominent notch in the repolarization phase, and a long plateau phase. Most plateau fibers studied had some amount of inherent slow diastolic depolarization as shown in record B. The rate and magnitude of diastolic depolarization could be enhanced by warming the perfusion solution or by administration of catecholamines. The maximum rising velocity of the plateau fibers always exceeded that of regular fibers in the same preparation. Figure  5 show records in which the action potential upstrokes of both types of fibers in the same preparation and with similar resting poten- and shows a faster upstroke velocity of the atrial plateau fiber. In 10 experiments the maximum rising velocity of plateau fibers was consistently greater in magnitude than that of simultaneously recorded regular atrial fibers (plateau fibers, 362.5±101 v/sec; regular fibers, 236.3 ±73 v/sec; 99% confidence intervals). The mean difference of 126 v/sec was significant to P < 0.005. This difference in rising velocity cannot be attributed to a difference in resting potentials since regular and plateau atrial fibers have approximately the same level of resting potential (19) .
RESPONSE TO EPINEPHRINE AND ISOPROTERENOL
Epinephrine or isoproterenol were administered by rapidly injecting 0.20 ml of a 1:25 dilution in water directly at the inflow of the tissue bath. Tyrode's solution flowed continuously through the tissue bath, and presumably this procedure caused a sudden rise in concentration followed by a fall toward zero. In Figure 6 records A to C show the effects of administration of epinephrine on both plateau and regular atrial fibers. Prior to injection of epinephrine (A) the plateau fiber (lower trace) showed inherent diastolic •c b, Vol. XXlll, Septem depolarization while the regular fiber showed a steady level of membrane potential during electrical diastole. Addition of epinephrine (B) caused an increase in both rate and magnitude of diastolic depolarization of the plateau fiber while the resting potential of the regular fiber remained stable. Record C shows records A and B superimposed to compare these effects.
In most experiments administration of catecholamines increased the rate of the actual pacemaker above the frequency of the artificial stimulation (95/min). It is likely that the automaticity of certain fibers in the preparation was enhanced to the degree that they acted as true pacemakers. However, the plateau fibers recorded in these experiments were not observed to act as true pacemakers because the transition from phase 4 depolarization to the more rapid depolarization of phase 0 was abrupt rather than smooth and gradual as is characteristic of true pacemakers (20, 21) . To demonstrate the true pacemaker capability of atrial plateau fibers, epinephrine or isoproterenol were applied locally to the area impaled by the microelectrode by injection through a capillary tube whose tip was positioned close to the microelectrode. Records D and E of Figure  6 show action potentials from a single plateau fiber during one experiment. Prior to injection of isoproterenol the tissue beat spontaneously at a slow rate (D). After injection of isoproterenol the rate and magnitude of diastolic depolarization increased as did the rate of response. For a short interval it appeared that the impaled fiber acted as a true pacemaker. This is shown in record E where the first two action potentials shown have a smooth gradual transition from phase 4 to phase 0. The last two potentials of this record show an abrupt break between these phases, and presumably another fiber has assumed the pacemaker function.
RESPONSE TO ACETYLCHOLINE
In another series of 12 experiments the response of atrial plateau fibers to acetylcholine was tested. Results of a typical experiment are shown in Figure 7 . Record A shows action potentials recorded in control solution from a regular muscle fiber (top trace) and a plateau fiber. Records B and C show the onset and maximal effect of adding acetylcholine, 0.5 /xg/ml, to the perfusate. There was a decrease in duration of the action potential and an increase in resting potential in both types of fibers. There was a marked attenuation of the plateau phase. All effects were reversible upon return to control perfusion. This response of atrial plateau fibers differs from that of Purkinje fibers which are resistant to this concentration of acetylcholine (20) .
It is known that following elevation of extracellular potassium concentration areas of the right atrium remain excitable at a time when the P wave has disappeared from the electrocardiogram (22) . Atrial fibers which show a resistance to elevated potassium concentration have been classified as specialized fibers (20, 23) . The effects of raising potassium concentration from 2.7 to 10.8 mM on regular and plateau fibers is shown in Figure 8 . It is evident that regular atrial fibers become inexcitable at a time when simultaneously recorded plateau fibers continued to show action potentials. Under the influence of this concentration of potassium, the membrane resting potential of the atrial plateau fibers decreased, the overshoot declined, and the action potential shortened. Recovery from these effects occurred in both fibers when potassium concentration was lowered to normal levels. The relative resistance of plateau atrial fibers to elevated extracellular potassium concentration was a consistent finding in each of 11 experiments on fibers from nine hearts.
Discussion
This study and those of others (13, 15, 18) indicate that several types of fibers can be identified in the canine right atrium on the basis of anatomical differences and on characteristics of the transmembrane action potential. Similar results have been obtained in studies of the rabbit atrium (12) . Action potentials recorded along the crista terminalis were strikingly different in contour from those of regular atrial fibers. These potentials display a rapid upstroke velocity, a spiked overshoot, a long plateau phase, and slow diastolic depolarization. Some of these electrical characteristics are associated with rapid conduction velocity or pacemaker function. The electrical features of atrial plateau fibers and their location along the crista terminalis suggest the possibility that they may comprise a pathway for preferential internodal conduction.
As early as 1914, Eyster and Meek (2-5) postulated the existence of anatomically differentiated connections between the S-A and A-V nodes. Their classic experiments employing surface electrodes to time the arrival of excitation at points on the atrial surface and to detect sinoventricular dissociation following placement of incisions along borders of the S-A node led them to conclude that several pathways emanated from this region and provided for rapid conduction of impulses to the A-V node. James (8) has noted that the A-V nodal rhythms which were obtained by Eyster and Meek after placement of incisions around the S-A node probably resulted from interruption of one or more of the three internodal tracts. One of the tracts, the posterior internodal, is located along the crista terminalis.
Several investigations (12, 14, 15) have shown that excitation passes more rapidly along the crista terminalis than through adjacent atrial muscle, and conduction velocities of 1.5 m/sec have been reported (14, 15) . Yaniada et al. (15) found that cutting across the crista terminalis or the injection 
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of osmic acid delayed the arrival of excitation at the more distal portions of this structure and at the A-V node. They concluded that internodal conduction was most rapid along the crista terminalis. Paes de Carvalho et al. (12) studied in detail the sequence of activation of the rabbit atrium. They called attention to a specialized structure, the S-A ring bundle. On gross examination it appeared as a white bundle of tissue paralleling the crista terminalis on the venous border. Excitation passed very rapidly along the S-A ring bundle, and fibers in the bundle had action potentials with prominent plateaus and slow diastolic depolarization. Recently James (9) has presented evidence which suggests that this structure may be the posterior internodal tract in the rabbit heart. In the present study the occurrence of whitish streaks along the border of the crista terminalis was noted in the canine atrium. Since fibers in this area had action potentials with large plateaus and inherent diastolic depolarization, it seems possible that such fibers are comparable to the S-A ring bundle fibers of the rabbit and may possibly comprise the posterior internodal tract of the dog heart.
The plateau fibers described here have specific electrical features and responses which would classify them as specialized fibers similar to Purkinje fibers of the ventricle. The rapid velocity of the upstroke, coupled with a relatively large magnitude of resting and action potential, should result in rapid conduction of impulses along plateau fibers. The presence of a slow, sustained loss of polarization during electrical diastole is a feature of specialized fibers and allows them, under appropriate conditions, to act as pacemakers. Plateau atrial fibers were shown to have this characteristic feature and acted as pacemakers under the influence of catecholamines. This knowledge has application in two regards: it could explain, in part, the earlier observations of Erlanger and Blackmun (24) that isolated strips of right atrial muscle often beat spontaneously or could be induced to do so. The second application Circulation Research, Vol. XXUI, September 1968 is in regard to possible mechanisms in the origin of atrial arrhythmias. A great deal of information has accumulated about the role of Purkinje diastolic depolarization in the origin and maintenance of ventricular arrhythmias (25) (26) (27) . A single fiber may discharge impulses spontaneously and thereby result in development of an ectopic focus or the mere presence of diastolic depolarization can create conduction disturbances favorable to production and maintenance of reentrant activity. The demonstration that fibers exist in the atria which show diastolic depolarization raises the possibility that similar events operate in the genesis of certain types of atrial arrhythmias.
Another test for specialization of atrial fibers (20, 23) is their relative resistance to high extracellular potassium concentration. Several investigators have shown that specialized atrial fibers exist which are resistant to levels of hyperkalemia that render regular atrial fibers inexcitable. Indirect evidence was offered by Vassalle et al. (22) who observed that sinoventricular rhythms were maintained at potassium levels which caused quiescence of regular atrial tissue and disappearance of the P wave from the electrocardiogram. Electograms with double complexes have been observed in dog atria along the interatrial band (18) and have been interpreted to result from the difference in conduction velocities of regular and specialized atrial fibers beneath the recording electrode. One complex of the interatrial band electrogram showed resistance to potassium toxicity. Microelectrode studies have shown that the specialized atrial fibers of the S-A ring bundle (23) and interatrial band (18) exhibit differential resistance to hyperkalemia when compared simultaneously with regular atrial fibers. The atrial plateau fibers described in this study were shown to be resistant to increased extracellular potassium concentration, and it seems possible they could comprise a specialized internodal pathway in the area of the sulcus terminalis by which sinoventricular conduction occurs during periods of hyperkalemia.
In summary, the results of this study have shown the existence of fibers along the crista terminalis which have characteristics associated with rapid conduction of impulses and pacemaker function. It seems possible that such fibers might comprise a preferential pathway for internodal conduction as postulated by Meek and Eyster.
